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 Assessing the seismic response of the wall tie connections in cavity walls.
 Results obtained in terms of average force-displacement curves/failure mechanisms.
 Additional characterization tests on the materials performed.
 Embedment length and geometry of tie influences the capacity of the connection.
 Precompression level and loading rate does not have a significant influence.a r t i c l e i n f o
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In recent years, the number of human-induced earthquakes in Groningen, a large gas field in the north of
the Netherlands, has increased. The majority of the buildings are built by using unreinforced masonry
(URM), most of which consists of cavity (i.e. two-leaf) walls, and were not designed to withstand earth-
quakes. Efforts to define, test and standardize the metal ties, which do play an important role, are valu-
able also from the wider construction industry point of view. The presented study exhibits findings on the
behavior of the metal tie connections between the masonry leaves often used in Dutch construction prac-
tice, but also elsewhere around the world. An experimental campaign has been carried out at Delft
University of Technology to provide a complete characterization of the axial behavior of traditional con-
nections in cavity walls. A large number of variations was considered in this research: two embedment
lengths, four pre-compression levels, two different tie geometries, and five different testing protocols,
including monotonic and cyclic loading. The experimental results showed that the capacity of the con-
nection was strongly influenced by the embedment length and the geometry of the tie, whereas the
applied pre-compression and the loading rate did not have a significant influence.
 2020 The Authors. Published by Elsevier Ltd. This is an open access article under theCCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
The number of human induced earthquakes in the province of
Groningen, located in the northern part of the Netherlands, has
considerably increased in the last decade. Most of the existing
buildings in that area are composed of unreinforced masonry
(URM) and were not designed to withstand earthquakes, sincethe area had never been affected by tectonic earthquakes. Hence,
the assessment of URM structures in the Groningen province has
become of high relevance in earthquake engineering community.
The majority of the buildings in the region are characterized by
slender walls, large openings and cavity walls (i.e. double-leaf
walls with an air gap in between). Specifically, buildings with
double-leaf cavity walls constitute a large portion of the building
stock in the Groningen gas field.
A cavity wall consists of two separate parallel walls, with an
inner load-bearing masonry wall and an outer veneer mostly with
aesthetic and insulating functions. In case of the Dutch construc-
tion practice, calcium silicate brick masonry is used for the inneretal tie
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the outside veneer leaf. The inner and outer leaves are intercon-
nected by means of metal ties, as prescribed in NEN-EN 845-1
[1]. This study aims at investigating the structural response of wall
ties commonly used in the traditional Dutch construction practice
to connect the two masonry leaves of cavity walls, a practice used
also in other parts of the world.
An extensive multiscale testing program was performed at TU
Delft in 2015, the results of which are presented in Messali [2]. Part
of the research focused on terraced houses built in the Netherlands
during the period 1960–1980 [3,4] and characterized by the use of
cavity walls. The double-leaf masonry construction also exists in
other regions of the world, such as Australia, New Zealand, and
North America, as well as in various parts of northern Europe. In
the framework of the same multiscale testing campaign, an inte-
grated testing program was carried out at EUCENTRE laboratories
in Pavia in 2015, where, among others [5], two full-scale shake
table tests were conducted on terraced houses [6,7]. Furthermore,
recent shake table experiments [8,9] on single-leaf and double-leaf
cavity walls clearly underline the dominance of out-of-plane fail-
ure mode in these slender URM walls.
The out-of-plane behavior is a common failure mechanism of
slender masonry walls during an earthquake, which often stems
from poor wall-to-wall, wall-to-floor or wall-to-roof connections
that provide insufficient restraint to overturning. Cavity walls are
particularly vulnerable to out-of-plane mechanisms due to the
slender geometry of the two leaves, and, in fact, the out-of-plane
behavior of cavity walls represents a major concern during a strong
shock [6,7,10]. In a study where full-scale brick veneer wall panel
specimens are tested [11], it was found that out-of-plane wall
damage occurred when the veneer moved away from the interior
wood backup, placing a high demand on the tensile force and dis-
placement capacities of the ties, underlining the prominent role of
the ties in the composite response of the two leaves. Giaretton
et al. [12] showed that, when a sufficient number of connections
are used, the out-of-plane failure of cavity walls can be prevented.
According to BSI PD 6697:2010 [13] a minimum number of wall
ties per unit can be calculated, which is not less than 2.5 ties per
square meter and should be used for walls with both leaves having
size of 90 mm or thicker, whereas the spacing, embedment length
in the mortar and inadequate number of ties will influence the
overall capacity of the cavity wall.
In the study by Walsh et al. [10], in-situ tests were carried out
on full scale masonry cavity walls for both existing and retrofitted
metal ties, concluding that the retrofitting of cavity walls with ade-
quate spacing, as well as adequate compressive and shear stiffness,
can greatly improve the OOP capacity of URM walls. Also few lab-
oratory tests were conducted for investigating the behavior of URM
cavity walls on both existing ties [8,9,14] and on retrofitted ties
[15,16], where various failures in ties have occurred.
Choi and LaFave [17] and Reneckis and LaFave [18] performed
experiments at component level on brick-tie-wood, representing
current U.S. construction practice. The monotonic tests (tension,
compression, and shear) and the cyclic tests were carried out to
capture the local performance of overall wall systems in order to
assess the influence of tie thickness, initial offset displacement,
attaching method of ties to wood studs, type of loading, eccentric-
ity and embedment length. They found that the workmanship of
brick veneer, particularly with respect to the installation of the ties,
plays an important role on the overall wall system performance.
An experimental investigation had been performed on different
brick-tie-brick assemblages on the connections in cavity walls
based on construction practices from Portugal and other South
European countries [19], evaluating the response at component
level under cyclic loading in terms of stiffness, strength, dissipation
of energy and failure modes. They concluded that the main role of2
the cavity wall ties on masonry outer leaves is the transfer of out-
of-plane lateral loads from the outer leaves to inner leaves through
the connection between both elements. For this reason, Martins
et al. [19] state that the ties should have an adequate resistance
and stiffness both in tension and compression. They also concluded
that the tie shape and geometry were the most important factors
influencing the strength of the tie connections.
An experimental campaign on cavity wall ties was carried out at
TU Delft to characterize of the behavior of the connections in terms
of resistance, envelope curve and dissipated energy [20]. The spec-
imens were typical wall ties used in Dutch terraced houses,
embedded either in calcium silicate or in perforated clay brick cou-
plets. Different loading conditions (axial and shear, monotonic and
cyclic loading) and different confining compressive loads on the
couplets were considered. It was found that the wall ties tested
were able to connect the two leaves for relatively small seismic
out-of-plane displacement demands but might fail in larger wall
out-of-plane displacements, even before the wall reaches collapse
capacity.
This paper presents the outcome of experiments carried out at
the Macrolab/Stevin laboratory of TU Delft. The experiments aim
to provide a complete characterization of the axial cyclic behavior
of cavity wall ties. This research can also provide a better under-
standing of the behavior of the tested metal wall ties for the indus-
try to find suitable methods for developing their products and
improve the seismic response of existing URM structures. Section 2
of the paper describes the specimen geometry, the test-setup, the
adopted testing protocol and the tests carried out to characterize
the used materials. It describes also the characteristics of the
groups of specimens tested, obtained by a combination of different
materials, geometry and loading protocols. Section 3 presents and
discusses the test results, with special attention on the developed
failure mechanism and on the definition of average force–displace-
ment curves for each group of tests performed.2. Experiments conducted
2.1. Description of the specimens
The experiments presented here aim to characterize the axial
cyclic behavior of metal cavity wall ties. Each specimen consisted
of two bricks connected by means of mortar (couplets) and
included an embedded metal wall tie that was designed to be rep-
resentative of a portion of as-built URM cavity walls. 202 couplets
were tested in total, consisting of two types of masonry units: solid
calcium silicate (CS) and perforated clay brick masonry (CB). Ties
were placed inside the mortar bed-joint, as happens in real appli-
cations (Figs. 1 and 2). The flow of the mortar was determined in
agreement with NEN-EN 1015–3 [21]. During the construction
phase, no free movement of the ties was allowed inside fresh mor-
tar, and the specimens were built in agreement with NEN-EN 845–
1 + A1 [1]. In practice, the zigzag-end is embedded in the CB
masonry, while the L hook-end is embedded in the inner CS walls,
as shown in Fig. 1.
L-shaped ties with a diameter of 3.6 mm and a total length of
200 mm were embedded between two bricks in the mortar joint.
The embedment length was different at each end of the tie: the
zigzag-end was embedded for a length of 50 mm, whereas the
hooked-ends were embedded for two different lengths of the
straight portions, 70 mm and 50 mm, representing possible varia-
tions in practice. For a number of specimens, the tie was bent 15
from the axis perpendicular to the vertical, representing imperfect
applications often observed in practice. From the previous cam-
paign [20], the bent tie was embedded in the CS masonry because
the test results highlighted that the tie connections in the inner
Fig. 1. Geometry of tie specimens.
Fig. 2. Testing setup: General setup (Skroumpelou et al. 2018) (a); Axial setup (b); Test setup (c).
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the masonry couplets, 32 mortar cube samples were constructed
to investigate the embedment of the tie in the mortar alone. A
number of specimens tested in the current experiment campaign
were chosen for establishing force–displacement curve accurately
and indicating the variability of the material. Specimens which
reached their full capacity are presented in this paper. As in prac-
tice in the Dutch construction, mortar used for CS and CB layers is
different [2,8]. In mortar cube tests with ties, both mortar types
were tested. For each of these specimens, the tie was embedded
into the mortar cube with an anchoring length of 70 mm for mortar
used with CS, or 50 mm for mortar used in CB bricks. To provide a
complete characterization of the connection typology, six types of
specimens were eventually tested as shown in Table 1 and Fig. 1:
 CS-70: the hooked part of the tie is embedded in a CS couplet,
with 70 mm anchoring length;
 CS-70-15D: the hooked part of the tie is embedded in a CS cou-
plet, with 70 mm, the zigzag-end of the tie is bent 15;
 CS-50: the hooked part of the tie is embedded in a CS couplet
with a reduced embedment length of 50 mm;
 CB-50: the zigzag-end part of the tie is embedded in a CB cou-
plet, with an anchoring length of 50 mm;
 Mortar Cubes of CS Mortar: the hooked part of the tie is embed-
ded in a mortar cube made of the same mortar used for the CS
couplets, with an anchoring length of 70 mm;Table 1
Specimens tested for each loading protocol.
Specimen
Type
Loading Protocol Lateral
Precompression (MPa)
CS-70 MT 0.1
MT 0.3
MT 0
MT 0.6
MT-HS 0.1
MC 0.1
MC 0.3
MC 0
MC 0.6
MC-HS 0.1
Cyclic 0.1
Cyclic 0.3
CS-70-15D MT 0.1
MC 0.1
Cyclic 0.1
Cyclic 0.3
CS-50 MT 0.1
MC 0.1
Cyclic 0.1
CB-50 MT 0.1
MT 0.3
MT 0
MT 0.6
MT-HS 0.1
MC 0.1
MC 0.3
MC 0
MC 0.6
MC-HS 0.1
Cyclic 0.1
Cyclic 0.3
Mortar Cubes for CS MT 0
MC 0
Cyclic 0
Mortar Cubes for CB MT 0
MC 0
Cyclic 0
Note: MT = Monotonic Tensile; MT-HS = Monotonic Tensile High Speed; MC = Monoton
MC-HS = Monotonic Compressive High Speed.
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 Mortar Cubes of CB Mortar: the zigzag-end part of the tie is
embedded in a mortar cube made of the same mortar used for
the CB couplets, with an anchoring length of 50 mm.
2.2. Test setup and the loading protocol
The test setup was assembled based on the recommendations
reported in NEN-EN 846–5 [22] and is shown in Fig. 2. The testing
machine was connected to a contrast steel frame, integrated with a
data acquisition system (Fig. 2a). The specimen was placed in the
test machine so that the tie lay aligned vertically along the center-
line axis of the test machine, and the tie was clamped to have a free
distance from the couplet equal to 80 mm (Fig. 2b), a gap represen-
tative of the Dutch construction practice. An image of the setup
with the names of the different components is shown in Fig. 2c.
During the test, a horizontal compressive force was applied to
the couplet and maintained constant by a manually operated
hydraulic jack. Two lateral steel plates ensured the diffusion of
the compressive load on the entire lateral surfaces of the couplets.
Different levels of pre-compression were applied to the specimens:
0 MPa, 0.1 MPa, 0.3 MPa, and 0.6 MPa. The applied precompression
levels were considered to be representative of a cavity wall at dif-
ferent level of a typical URM residential building regardless of the
boundary conditions. The axial load applied vertically to the wall
tie using a displacement-controlled apparatus equipped with a
jack. The machine was provided with a clamp for grippingEmbedment
Length (mm)
Bending (deg) Number of specimens
70 0 11
70 0 10
70 0 3
70 0 3
70 0 6
70 0 12
70 0 9
70 0 1
70 0 1
70 0 3
70 0 9
70 0 11
70 15 6
70 15 6
70 15 8
70 15 8
50 0 3
50 0 2
50 0 9
50 0 12
50 0 11
50 0 3
50 0 3
50 0 6
50 0 10
50 0 10
50 0 1
50 0 1
50 0 3
50 0 10
50 0 11
70 0 3
70 0 3
70 0 10
50 0 3
50 0 3
50 0 10
ic Compressive;
O. Arslan, F. Messali, E. Smyrou et al. Construction and Building Materials xxx (xxxx) xxxefficiently the free-end of the tie. The vertical displacements of the
bricks of the couplets were prevented by two horizontal steel
plates connected by steel threaded rods. Two linear potentiometers
were installed symmetrically on the two opposite sides of the
clamp, pointing against the steel plate on top of the couplet. Their
measuring range was 10 mm (Fig. 2).
The specimens were subjected to two different loading regimes
which are quasi-static monotonic and cyclic loading. Two loading
speeds were conducted for the monotonic tests: (1) quasi-static
loading rate which is considered to be conservative and (2) high-
speed rate investigating the effect of speed rates closer to those
that occur during earthquakes. The nominal displacement corre-
sponding at the peak force was determined by the monotonic tests.
From monotonic tests, it was possible to define the cyclic group
amplitude with the increments of three cycles each time in the first
phase, and then is followed by two degradation cycles that were
repeated at higher amplitudes in the second phase with the pur-
pose of capturing the cyclic degradation on the tie-mortar bond.
Five different loading schemes were applied:
 MT (Monotonic Tensile): the pull-out displacements (introduc-
ing tensile loading in the connection) are increased monotoni-
cally with a rate of 0.1 mm/s up to failure.
 MT-HS (Monotonic Tensile High Speed): the pull-out displace-
ments (introducing tensile loading in the connection) are
increased monotonically with a higher rate of 1 mm/s up to
failure.
 MC (Monotonic Compressive): the displacements of the clamp
towards the couplet (introducing compressive loading in the
connection) are increased monotonically with a rate of
0.1 mm/s up to failure.
 MC-HS (Monotonic Compressive High Speed): the displace-
ments of the clamp towards the couplet (introducing compres-
sive loading in the connection) are increased monotonically
with a higher rate of 1 mm/s up to failure.
 C (Cyclic): the displacements imposed to the clamp are cycli-
cally varied to apply both tensile and compressive loads to
the connection. The loading history for this test is divided into
two phases. In phase 1, three groups of three cycles of ampli-
tude equal to 0.1 mm, 0.25 mm and 0.5 mm, are performed.
In phase 2 each cycle is composed by two runs of increased
amplitude with respect to the previous cycle and two runs of-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
6
0 1 2 3 4
Ve
rt
ic
al
 d
is
pl
ac
em
en
t [
m
m
]
Group of cycles
Fig. 3. Cyclic
5
reduced displacement, calculated as 40% of the displacements
of the two previous runs (Fig. 3). The loading rate is chosen to
maintain a constant duration of every cycle until reaching
1 mm/s. Afterwards it is kept constant.
2.3. Mechanical characterization of the materials
A series of companion tests were performed to characterize the
mechanical properties of the materials used in the testing cam-
paign. The flexural and compressive strength of the mortar, the
tensile and compressive capacity of the tie, and the bond strength
between masonry unit and mortar were investigated.
The tension properties of the tie were defined in terms of aver-
age values of elastic modulus (E3), yield strength (fy), yield strain
(ey), tensile strength (ft), strain at tensile strength (et) and elonga-
tion at rupture (er) according to ASTM E8/E8M-16a [23]. The
Young’s modulus was derived as the chord elastic modulus evalu-
ated between 1/10 and 1/3 of the tensile strength. The yielding of
the tie occurred at a stress level approximately 1/3 of the tensile
strength. The behavior of the connection under compressive load-
ing was interpreted in terms of Euler’s buckling. The compression
properties of the tie were defined in terms of strength at Euler’s
critical load (fct) and strain at critical load (ect) according to ASTM
E9-19 [24]. Additionally, the column effective length factor (K)
computed via the experimental results, is also reported. A sum-
mary of the connection mechanical properties resulting from
material characterization tests is reported in Table 2.
The mechanical characterization of the mortars both for CS and
CB were defined in terms of mean compressive strength (fb) and
flexural strength of mortar (fx) in agreement with NEN-EN 1015–
11 [25], and bond between the mortar (fw) and the units. This latter
parameter was investigated by means of bond-wrench tests, per-
formed in agreement with NEN-EN 1052–5 [26]. These tests were
carried out on the couplets after the testing when the bond
between the mortar and the brick was not damaged. In total 27
CS couplets and 17 CB couplets were tested for material character-
ization. The mean bond strength was equal to 0.34 MPa (St. Dev. of
0.09 MPa) and to 0.52 MPa (St. Dev. of 0.14 MPa) for the CS and CB
specimens, respectively. A stronger bond was obtained for the CB
masonry compared to CS brick masonry, possibly due to the differ-
ences in the mortar used. Table 3 lists the mortar mechanical prop-
erties resulting from material characterization tests.5 6
Phase 1
Phase 2
Phase 2-continues
protocol.
Table 2
Summary of material characterization tests of cavity wall tie.
Loading Protocol Material property Symbol UM Tie
Average C.o.V.
Tensile loading Elastic modulus of tie evaluated between 1/10 and 1/3 of the maximum tensile stress E3 MPa 32,920 0.03
Tie yield strength fy MPa 135 0.01
Tie yield strain ey – 0.0045 0.04
Tie tensile strength ft MPa 411 0.01
Tie strain at tensile strength et – 0.13 0.08
Tie elongation at rupture er – 0.14 0.07
Compressive loading Tie strength at Euler’s critical load fct MPa 198 0.05
Tie strain at critical load ect – 0.011 0.18
The column effective length factor K – 0.45 –
Table 3
Mortar mechanical properties.
Material property Symbol UM CS CB
Average C.o.V. Average C.o.V.
Compressive strength of mortar fb MPa 5.65 0.15 6.47 0.11
Flexural strength of mortar fx MPa 2.43 0.14 2.29 0.24
Flexural bond strength fw MPa 0.34 0.26 0.52 0.27
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This section presents the results obtained in terms of failure
mechanism, average force–displacement curve, peak force, and
displacement at the peak force and at failure, identified as the
point of reduction by 20% of the peak force as conventionally
assumed in several studies available in the literature (among other
[27–29]). The specimens after reaching a 20% reduction of their
peak force continued to their collapse state to observe full capacity
on the connections. The tensile and compressive force–displace-
ment curves obtained for the monotonic protocols are shown
together in the same diagram for the sake of simplicity. The envel-
ope curve regarding the cyclic loading was derived according to the
recommendations provided in ASTM E2126-19 [30]. Table 4 lists
the mean peak force/displacement, along with the standard devia-Table 4
Mean results of the axial tests (standard deviations between brackets).
Specimen type Loading protocol Pre-C Level (MPa) Axial strength
Tensile (kN) C
CS-70 MT, MC 0.1 2.28 (0.22) 
0.3 2.33 (0.23) 
0 2.54 (0.08) 
0.6 2.60 (0.23) 
MT-HS, MC-HS 0.1 2.30 (0.12) 
Cyclic 0.1 1.76 (0.15) 
0.3 1.97 (0.43) 
CS-70-15D MT, MC 0.1 2.51 (0.13) 
Cyclic 0.1 2.07 (0.18) 
0.3 2.07 (0.28) 
CS-50 MT, MC 0.1 1.87 (0.14) 
Cyclic 0.1 1.63 (0.12) 
CB-50 MT, MC 0.1 3.59 (0.56) 
0.3 3.65 (0.35) 
0 3.09 (0.40) 
0.6 3.99 (0.34) 
MT-HS, MC-HS 0.1 3.24 (0.56) 
Cyclic 0.1 3.37 (0.42) 
0.3 3.79 (0.35) 
Mortar Cubes forCS MT, MC 0 1.95 (0.10) 
Cyclic 0 2.08 (0.23) 
Mortar Cubes for CB MT, MC 0 1.54 (0.04) 
Cyclic 0 1.49 (0.15) 
Note: Pre-C Level = Pre-compression Level; Comp = Compressive.
6
tion, and reduction by 20% of peak force. Please note that, due to
the space limitations, not all curves are presented in this paper.
The force–deformation response of all the experiments conducted
are accessible in an open source data storage [31].
When the specimens were subjected to monotonic tensile load-
ing, the couplets exhibited either of the following two failure
mechanisms:
 Sliding failure (Type A): the tie slides along the tie-mortar inter-
face (Fig. 4a);
 Tie failure (Type B): the tie yielding is followed by fracture of
the tie (Fig. 4b).
The sliding failure mechanism, which was governed by the
straightening of the tie and crushing of the surrounding mortar,Displacement at peak Displacement at failure
omp (kN) Tensile (mm) Comp (mm) Tensile (mm) Comp (mm)
1.72 (0.25) 11.27 (1.98) 3.25 (0.50) 17.1 (1.86) 3.75 (0.55)
1.84 (0.16) 10.38 (1.49) 3.05 (0.56) 17.9 (4.08) 3.64 (0.78)
1.83 9.72 (2.81) 3.44 11.6 (4.64) 2.03
1.65 12.33 (0.11) 2.85 18.1 (1.25) 1.30
1.83 (0.19) 9.48 (0.98) 2.90 (0.72) 16.1 (0.84) 3.55 (0.83)
1.66 (0.22) 6.70 (2.28) 2.85 (0.83) 10.6 (2.36) 3.70 (0.75)
1.78 (0.11) 7.03 (2.88) 2.72 (0.58) 11.0 (3.33) 3.36 (0.31)
1.35 (0.06) 13.07 (1.20) 4.48 (0.82) 19.23 (3.87) 5.04 (0.76)
1.45 (0.10) 9.74 (0.10) 3.82 (0.65) 14.5 (1.27) 4.49 (0.31)
1.44 (0.11) 9.61 (0.35) 4.12 (0.83) 14.8 (1.54) 4.66 (0.55)
1.80 (0.23) 8.25 (0.60) 2.52 (0.13) 14.4 (0.81) 2.92 (0.04)
1.96 (0.22) 4.58 (0.80) 3.38 (1.77) 10.6 (1.19) 4.54 (2.37)
1.85 (0.18) 7.16 (3.15) 2.12 (0.31) 8.60 (3.48) 2.45 (0.36)
1.82 (0.15) 7.90 (1.64) 2.15 (0.22) 10.3 (2.68) 2.51 (0.31)
1.94 4.27 (1.84) 2.22 5.10 (2.19) 1.55
1.99 8.98 (2.12) 1.92 9.34 (1.40) 1.59
1.69 (0.40) 5.50 (2.59) 2.15 (0.20) 7.12 (3.52) 3.07 (0.21)
1.58 (0.07) 6.19 (2.24) 0.44 (0.18) 9.24 (2.54) 1.18 (0.14)
1.62 (0.06) 8.97 (1.14) 0.35 (0.17) 11.6 (2.10) 1.16 (0.15)
1.90 (0.02) 11.64 (1.94) 2.02 (0.18) 19.0 (1.30) 2.72 (0.23)
1.78 (0.13) 1.83 (2.75) 2.66 (0.60) 12.47 (5.23) 3.57 (0.51)
1.82 (0.06) 2.43 (0.59) 3.10 (0.32) 5.38 (2.06) 3.85 (0.33)
1.91 (0.07) 2.14 (0.43) 3.62 (0.59) 3.98 (0.99) 4.25 (0.42)
Fig. 4. Failure mode sequence: Type A (a), Type B (b), Type C (c) and Type D (d).
O. Arslan, F. Messali, E. Smyrou et al. Construction and Building Materials xxx (xxxx) xxxis the most common failure mode in tension, and only a few con-
nections failed due to the tie failure. 92% of the specimens was
failed in the sliding failure (Type A). In the former case failure
occurs due to poor bonding between the tie and the mortar and
due to the low strength of the mortar. In the latter case, the mortar
and the couplet remain intact, thus neither cracks in the mortar
joints nor detachment at the brick–mortar interface are observed.
Regarding the compressive loading, the couplets showed either
of the two failure mechanisms:
 Buckling failure (Type C): the failure is caused by buckling of the
tie (Fig. 4c)
 Expulsion failure (Type D): the failure is achieved by piercing
and expulsion of the cone of mortar around the tie (Fig. 4d)
The large majority of the couplets loaded in compression was
characterized exhibiting buckling failure. Only in 8% of the tested
couplets the expulsion failure was observed. It should be noted
that the description of the evolution of the failure mechanisms,
as presented in Fig. 4, was obtained by stopping a number of addi-
tional tests apart from the main specimens at different values of
the imposed displacement and, when needed, the test was stopped
for opening the specimens by performing bond wrench tests to
observe the condition of the tie embedded in the mortar. The
results of the additional tests were used to investigate the evolu-
tion of the failure mechanism and to define the flexural strength
of the couplets via the bond wrench tests.
Fig. 5 shows the force–displacement curves for CS-70 couplets
for monotonic loading. It should be noted that the whole curves
are reported beyond the point of failure. The figure shows also
the average curve obtained by averaging the data from eleven
specimens as an example. The average curves of each testing group
are presented in Fig. 6. In CS-70 specimens, three different failure
modes were observed: Type A (100%) for monotonic tensile load-
ing, and Type C (82%) or Type D (18%) for compressive loading.
Regarding the monotonic tensile loading, the peak strength was7
reached when the hooked part of the tie started straightening, fol-
lowed by the sliding between the mortar and the tie. An initial lin-
ear elastic behavior of the connection up to about half of the peak
load was followed by hardening up to the peak. The post-peak
phase was characterized by gradual softening up to large displace-
ments (50 mm). A qualitatively similar behavior was obtained irre-
spectively on the applied pre-compression level and loading rate.
In compression, the linear-elastic behavior of the connection
was observed up to the peak load, that was achieved due to either
buckling of the tie, or expulsion of the cone of mortar. A drastic
reduction of resistance was observed in the post-peak phase. The
behavior of the specimens was consistent for every test regardless
of the failure modes.
As regards the cyclic tests on CS-70 specimens, an example full
cyclic curve which is characterized by pinching effect as well as its
envelope curve is presented in Fig. 7. The results of the cyclic tests
are given in terms of envelope curves in Fig. 8.
As shown in Fig. 8, nonlinear force–deformation response was
detected even in the initial loading stages. After the peak load
was reached, a pronounced pinching effect was observed. This
behavior primarily occurred due to the loss of bond strength
around the tie-mortar interface and crushing of the mortar around
the hook. The backbone curves were similar to those obtained for
the monotonic tests, and the failure mode of the specimens was
a combination of the mechanisms described for the monotonic
tests. When the failure mode was a combination of Type A and
Type C, at the end of the test the tie failed with rupture due to dete-
rioration of mortar. The peak load in tension obtained for cyclic
loading was lower than that obtained during the corresponding
monotonic tests and the post-peak behavior was more brittle.
CS-70-15D specimens are characterized by the embedment of
the hooked end of the tie in CS couplets with an embedment length
of 70 mm and 15-degree bent tie. Bent ties were studied to repre-
sent the real case installation situation from the field, as seen in
common construction practice. Fig. 9 illustrates the force–
displacement curves obtained for monotonic loading by averaging
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Fig. 5. Experimental results of CS specimens with 70 mm anchored length for a pre-compression level of 0.1 MPa.
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Fig. 10. Summary of results for monotonic and cyclic loading for CS specimens with 50 mm anchored length.
O. Arslan, F. Messali, E. Smyrou et al. Construction and Building Materials xxx (xxxx) xxxthe single force–displacement data at a pre-compression level of
0.1 MPa and the average envelope curves for cyclic loading for dif-
ferent lateral pre-compression levels. The observed failure mecha-
nisms were Type A (100%) and Type C (100%) for monotonic tensile9
and compressive loading, respectively, and a combination of these
two mechanisms for the cyclic tests. The curves for monotonic and
cyclic loading were very close to each other in the initial loading
and diverge when the displacement increased; however, the curves
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Fig. 11. Summary of results for monotonic loading for CB specimens (a) and observed failure mechanisms (b).
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were very close to one another during all loading. In tension, the
force–displacement curve is linear up to about one-third of the
peak load, and then characterized by a hardening branch. In com-
pression, nonlinear behavior was observed even in the initial load-
ing stage. The envelope curves for cyclic loading were
characterized by smaller force values for tensile displacements,
while the peak compressive force was slightly larger for cyclic
tests.
CS-50 specimens are characterized by an embedment length of
the hooked end of the tie in CS couplets equal to 50 mm. Fig. 10
shows the average force–displacement curves obtained for mono-
tonic loading, as well as the average envelope curves for cyclic
loading, both monotonic and cyclic tests performed at a pre-
compression level of 0.1 MPa. The failure behavior of the corre-
sponding specimens under tensile loading was defined by Type
A, while under compressive loading, it was defined by Type C.
The characteristic behavior of the connection was similar with CS
specimens with 70 mm anchored length: straightening of the tie
under tension and buckling under compressive loading. The
force–displacement curve in tension stage was found to be linear
up to about one-half of the peak load after which the behavior-3.0
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10was detected nonlinear, while regarding the compressive stage, it
was found that a straight portion of the force–displacement curve
was up to the peak load. The failure mode of the specimens regard-
ing the cyclic tests was a combination of the mechanisms
described for the monotonic tests.
CB-50 specimens are characterized by the embedment of the
zigzagged end of the tie in CB couplets with an embedment length
of 50 mm. The following variations were performed for CB-50
specimens for the monotonic tests: four different pre-
compression levels and two different rate of load application, as
shown in Fig.11. Fig. 12 shows the force–displacement average
curves obtained for each corresponding variation. Two types of
failure mode were observed regarding the monotonic tensile load-
ing: Type A and Type B; while for the monotonic compressive load-
ing, the failure mode was Type C. Regarding the monotonic tensile
loading, the peak of resistance of the specimens was achieved
either when the tie reached the ultimate capacity of the tensile
strength of 4.1 kN or when the bed joint started crushing of the
surrounding mortar and tie. The position of fracture was observed
next to the embedment of the tie due to geometry of the tie, and at
the end of the test the tie failed with brittle rupture. The force–
displacement curve started with a linear part up to about20 30 40 50
acement (mm)
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CB specimens in terms of envelope curves.
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O. Arslan, F. Messali, E. Smyrou et al. Construction and Building Materials xxx (xxxx) xxxone-half of the peak load. After that point hardening took place up
to the peak load. Both failure modes showed a rather brittle post-
peak behavior.
For the monotonic compressive loading, the peak of resistance
of the specimens, independently of the applied pre-compression
level and speed rate, was achieved when the tie buckled. Compres-
sive behavior started with a linear portion up until the compressive
strength was reached. A hyperbolic reduction of resistance was
detected in the post-peak phase. The behavior of the specimens
was consistent for every test.
Fig. 12 shows the average envelope curves of the CB-50 speci-
mens for the cyclic loading. For these specimens, only two pre-
compression levels (0.1 MPa and 0.3 MPa) were investigated. The
behavior and the failure mode of the specimens under cyclic load-
ing was a combination of those observed for the monotonic tensile
and compressive loading. Additionally, it was observed that the
cyclic behavior was nonlinear and asymmetry since the early load-
ing stage, and, after the peak load was reached, the force–displace-
ment curves were characterized by the pinching effect for
increasing displacements.
The ties embedded inside CS and CB mortar cubes were tested
under monotonic and cyclic loading in order to decouple the
mortar-tie interaction from other possible influencing parameters.
Fig. 13 shows the average force–displacement curves for both
monotonic and cyclic loading (in the latter case the envelope
curves) of ties embedded in CS and CB mortar cubes. When the
cubes were subjected to monotonic tensile loading, the failure
mechanism was the same observed for the ties embedded in cou-
plets: crushing of the mortar and straightening of the tie (Type A).
During the loading history, a first peak was achieved when the
bond strength capacity was reached between tie and mortar. The
peak of resistance of the specimens was then attained after
straightening of the tie. After peak, the observed reduction of
capacity was rather ductile for the CS mortar cubes, and more brit-
tle for the CB mortar cubes. In compression only buckling of the tie
(Type C failure) was observed for both CS and CB mortar cubes. A(a) 
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Fig. 15. Force-displacement curve compa
12qualitatively similar behavior was obtained for each specimen,
with a hyperbolic reduction of the resistance in the post-peak
phase. The observed failure mode of cubes for the cyclic loading
was a combined failure mode of monotonic loading.
To have a detailed understanding of the obtained results the
average force-displacements curves defined for every testing vari-
ation of the CS specimen are shown in Fig. 14. The test has been
performed with different type of variations: two embedment
lengths, four pre-compression levels, two different tie geometries,
and five different testing protocol for CS specimens. It was
observed that the levels of pre-compression had negligible influ-
ence on the behavior of connections (Fig. 14a). Similarly, the load-
ing rate had also no influence on the behavior (Fig. 14b). On the
contrary the loading repetition led to a significant decrease of the
specimens’ strength, even though stiffness and ductility did not
change (Fig. 14c). When bent ties are considered (Fig. 14d), an
increase of capacity in tension was observed and vice versa in
compression.
In a similar way, also the CB specimens were tested under dif-
ferent conditions: four different pre-compression levels, and five
different testing protocol. For CB specimens, it can be observed that
the peak strength increases with the lateral pre-compression
(Fig. 15a), highlighting the presence of dowel effect on the speci-
men behavior. On the other hand, neither the loading repetition
(Fig. 15b) nor the loading rate (Fig. 15c) affects significantly the
results.
Regarding the tests of specimens with mortar cubes, the behav-
ior of the ties embedded in CS mortar is similar to that observed
when the ties are embedded in the couplets (Fig. 16a), while the
force capacity of the ties with CB mortar is halved when they are
embedded in the mortar cubes (Fig. 16b) due to absence of dowel
effect. Note that, the numerous small hollows present in the perfo-
rated CB specimens provide extra resistance due to a dowel effect.
Comparing the results obtained during a previous campaign
also performed at the laboratory of TU Delft [20] and those pre-
sented in this paper, the significantly higher resistance observed)c(
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Fig. 16. Force-displacement curve comparison of variations for CS (a) and CB (b) mortar cubes.
O. Arslan, F. Messali, E. Smyrou et al. Construction and Building Materials xxx (xxxx) xxxin the current campaign is probably caused by an improved quality
of the specimens and better workmanship. Namely, thanks to
higher precision and consistency during the construction phase,
the specimens have developed higher mechanical properties. Con-
sidering the current campaign, very consistent results were
obtained, while during previous experimental campaigns, the bond
between the tie and the mortar of a number of specimens failed in
a very early loading stage due to the poor mechanical properties.4. Conclusions
This paper aims at assessing the seismic response of the wall
metal tie connections in typical Dutch masonry double-leaf cavity
walls which are composed of an inner load-bearing leaf made of
calcium silicate brick masonry and an outer leaf made of clay brick
masonry. The tie was pulled from either a calcium silicate (CS) cou-
plet or a clay brick (CB) couplet. This section discusses and com-
pares the experimental results obtained under monotonic tensile
and compressive loading, as well as cyclic loading, and for different
connection geometry and loading protocols.13The following results are reported:
 Comparing the experimental results of the monotonic and cyclic
tests in terms of the peak load, on average a 19% larger peak load
is observed for monotonic tests for the CS specimens, and a sim-
ilar increase in peak load is observed also for the CB specimens.
 Larger values of the bond strength are obtained for the CB cou-
plets thanks to dowel action of the mortar in the brick holes. For
the same reason, a significant reduction of pull-out strength is
obtained when the ties are embedded in the mortar cubes com-
pared to the couplets.
 Overall, it can be concluded that the behavior of the studied
wall-tie connection is mainly governed by the behavior of tie
embedment in the CS leaf.
The studies carried out in this experimental campaign may
improve the knowledge of the connection between the leaves in
cavity walls which can be helpful to identify and validate suitable
assessment methods and retrofit interventions. The findings of this
study can help improving the testing, standardization and eventu-
ally design of the wall-to-wall metal ties, which the construction
O. Arslan, F. Messali, E. Smyrou et al. Construction and Building Materials xxx (xxxx) xxxindustry benefits from in the long run. As a finding of such, it can
be suggested that the bonding between the tie and the mortar,
and the tie stiffness can be improved for the companies for new
products. Taking a wider outlook, the experimental campaign have
clarified some aspects of the behavior of cavity wall ties under
axial loading; however further research can be conducted to fully
understand the characteristic of the cavity wall ties. Hence, solid
clay bricks for the load-bearing wall, same mortar for both of the
cavity leaves and corrugated metal wall ties can be investigated.
Additionally, the interaction with shear loading should be studied.
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